Introduction
Inorganic phosphors with outstanding optical properties have been broadly used over the past decades in many applications, such as, solid-state lighting, displays, optical temperature sensors, solar cells, and plant cultivation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Currently, lightemitting diodes (LEDs) are used as light sources for indoor plant cultivation in the agricultural area, which leads to improved plant cultivation within a natural atmosphere (e.g., light, water, air, temperature, and growth media). [16] [17] [18] Articial light sources are important for indoor plant cultivation to enhance the growth of plant tissues. The absorption spectra of photosynthesis pigments like chlorophyll and carotenoid match well with the light sources of blue and red LEDs. It has been reported that blue light with the wavelength of 410-500 nm affects the growth of chlorophyll, leaf morphogenesis, ower-bud formation, stomatal opening, and phototropism, and red light with the wavelength of 610-700 nm may be supportive to develop the vegetative owering, budding, and internodal elongation, while the far-red light around 730 nm promotes the plant cultivation and photosynthesis. [19] [20] [21] [22] Hence, it is essential to nd alternative high colour purity red or deep red emitting phosphors.
Eu 3+ and Sm 3+ doped red phosphors are widely used in many elds, but their limitations in LEDs applications are mainly due to their sharp absorption peaks in ultraviolet (UV) and blue regions; and moreover, most of rare earth ions are costly. In addition, Eu 2+ doped oxynitrides and nitrides based red phosphors also have some unavoidable deciencies in practical applications caused by their critical synthesis process, because high temperature and high pressure are needed for their preparation. [23] [24] [25] [26] [27] In recent years, many researchers intended to nd eco-friendly non-rare-earth ions activated red-emitting phosphors. Compared 3 were weighed and the mixture was ground thoroughly using an agate mortar. Then, this uniform mixture was placed in an alumina crucible and sintered at 1500 C for 6 h in air atmosphere.
Finally, the product was allowed to cool down to room temperature, and re-ground for further characterization. The crystal system of SLA:Mn 4+ phosphors were characterized using powder X-ray diffraction (XRD) pattern (Bruker D8 Advance, CuKa radiation). Rietveld renement of the prepared sample was performed by the FULLPROF soware. The surface morphological and elemental mapping of the SLA:0.4% Mn 4+ phosphors were performed using a eld-emission scanning electron microscope (FE-SEM; MAIA3 TESCAN). The roomtemperature photoluminescence (PL) and photoluminescence excitation (PLE) as well as decay curves were recorded using Edinburgh FS5 spectrouorometer equipped with a 150 W continuous-wavelength xenon lamp and a pulsed xenon lamp as the excitation source, respectively. The IQE measurement was achieved by using Edinburgh FS5 spectrouorometer equipped with an integrating sphere coated with barium sulphate. The temperature-dependent emission spectra were measured by using Edinburgh FS5 spectrouorometer in the range of 303-483 K and the temperature was tuned by the temperature controlling system.
Results and discussion
The phase purity and crystalline nature of the as-prepared SLA:0.4% Mn 4+ phosphors were examined using XRD. Fig. 1 shows the XRD patterns of pure SLA and 0. phosphors. The particles were aggregated with irregular morphology. Approximately the size of the particles was in micrometer range. Meanwhile, the elemental mapping result conrmed that the Sr, La, Al, O and Mn elements were uniformly distributed throughout the particles, as indicated in Fig. 3(b-f) . Fig. 4(a) phors. It was obvious that, the PL intensity of Mn 4+ increased at rst, until it reached the maximum at x ¼ 0.4%, then it decreased slowly with increasing doping concentration, which was attributed to the concentration quenching effect. The decrease in PL intensity with increasing Mn 4+ doping concentration may be due to the increase in nonradioactive decay, which was more possible beyond the optimal doping concentration. It has identied that the energy transfer is inversely proportional to R n , where R is the distance between the neighbouring Mn 4+ ions, and then the R c could be calculated from the concentration quenching data. The R c between Mn 4+ ions can be calculated using the following formula:
where R c is the critical distance, V is the volume of the unit cell, x c refers to the critical doping concentration and Z is the number of sites available for the dopant in the unit cell. Herein, x c ¼ 0.4%; V ¼ 178.258Å 3 ; and Z ¼ 6. Therefore, the R c value of phosphors was calculated to be about 35.48Å. This R c value of Mn 4+ doped SLA was higher than 5Å, so that the exchange interaction mechanism was impossible between the Mn 4+ ion. Therefore, the concentration quenching was mostly inuenced by the electric multipolar interaction among Mn 4+ ions as follows:
where I is the emission intensity; x is concentration of Mn ions; k and b are constants for the given host; q is a function of the relationship between log(x) versus log(I/x), which can be well tted by a straight line with a slope of À1.89. Hence, the q value was calculated to be 5.67, which was close to 6. Thus the 
where I(t) is the emission intensities at t, I 0 represents the initial emission intensities, s is the lifetime and A is the constant. 
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CIE coordinates are very essential to reveal that the exact emission and colour purity of the sample. 364 nm was measured using an integrating sphere. The IQE value can be calculated using the following equation:
where L S , E S and E R are the luminescence emission spectrum of the sample, spectrum of the light used for exciting the sample and spectrum of the excitation light without the sample, respectively. The thermal behaviour is an important parameter for phosphors in practical application. Fig. 7(a) 
where I 0 is the emission intensity at the initial temperature; I(T) is the emission intensity at measured temperature; c is a constant; k is the Boltzmann's constant; and DE a is the activation energy. Fig. 7(c) 
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